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Abstract
We report the first observation of the polarization of Λ/Λ¯ hyperons transverse to its production
plane in e+e− annihilation. We observe a significant polarization that rises with the fractional
energy carried by the hyperon as well as its transverse momentum. To define the production
plane, we use the direction of the hyperon momentum together with either the thrust axis in
the event or the momentum vector of a hadron in the opposite hemisphere. Furthermore, we
investigate the contributions to the hyperon polarization from the feed-down from Σ0/Σ¯0 and Λ±c
decays. This measurement uses a dataset of 800.4 fb−1 collected by the Belle experiment at or
near a center-of-mass energy of 10.58 GeV.
PACS numbers: 13.88.+e,13.66.-a,14.65.-q,14.20.-c
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Due to its self-analyzing weak decay, the Λ/Λ¯ hyperon (in the following denoted by Λ)
has played a key role in studying the transverse spin structure of hadrons. Historically, the
observation of large transverse Λ polarization in unpolarized pp collisions has been one of
the key measurements that motivated a successful program to investigate transverse spin
effects in nuclear physics (see Refs. [1, 2] and references therein). However, at present time,
the precise mechanism behind the Λ polarization remains unknown. It is assumed that
processes related to the polarizing fragmentation function D
⊥Λ/q
1T (z, p
2
⊥) play a major part
in these effects. Here, z denotes the fractional energy of the fragmenting quark carried by
the observed hadron and p⊥ denotes its transverse momentum relative to the fragmenting
quark. In addition to shedding light on the observed large polarization in hadroproduction of
Λ’s, D
⊥Λ/q
1T is of particular interest since, at leading twist and for non-perturbative intrinsic
transverse momenta, it represents the fragmentation analog to the Sivers parton distribution
function f⊥1T (x, kt) [3]. While f
⊥
1T (x, kt) describes the transverse momentum (kt) dependence
of partons (carrying a fraction x of the nucleon momentum) inside a polarized nucleon, D
⊥Λ/q
1T
describes the transverse momentum dependence of a fragmenting polarized hyperon. The
Sivers function has been the subject of intense theoretical and experimental interest due to
its connection to quark orbital angular momentum, a missing piece of the spin puzzle of the
nucleon, and fundamental predictions rooted in the gauge invariance of QCD pertaining to a
sign change [4–7] of f⊥1T in hadronic collisions compared to the one observed in semi-inclusive
deep inelastic scattering [8]. Similarly, a non-vanishing D
⊥Λ/q
1T can help to shed light on the
spin structure of the Λ and has been proposed as a fundamental test of universality between
different processes of similar importance as the Sivers sign change [9]. To our knowledge, a
nonzero effect of D
⊥Λ/q
1T has not been observed in e
+e− annihilation. The OPAL experiment
at LEP looked for transverse Λ polarization [10], but no significant signal was observed. It
is thought that the absence of a signal may be attributed to the high center-of-mass energy√
s, which increases the phase space for gluon radiation that, in turn, can dilute the effect,
and low statistics compared to the B-factories.
Because parton distribution functions do not enter in the cross-section, e+e− annihilation
is uniquely suited to access fragmentation functions [2]. We present here the first observation
of the transverse polarization of Λ produced in e+e− annihilation, from which D
⊥Λ/q
1T can
be extracted. We use a dataset of 800.4 fb−1 collected by the Belle experiment at or near√
s = 10.58 GeV. The Belle instrumentation [11] at the KEKB e+e− collider [12] used
in this analysis includes the central drift chamber (CDC) and the silicon vertex detector,
which provides precision tracking for charged particles, and the electromagnetic calorimeters
(ECL). Particle identification (PID) is performed using information on dE/dx in the CDC,
a time-of-flight system in the barrel, aerogel Cherenkov counters in the barrel and the
forward endcap, as well as a muon and KL identification system outside the superconducting
solenoid, which provides a 1.5 T magnetic field. To correct the data for detector effects and
for systematic studies, Monte Carlo (MC) simulated events are generated by Pythia6.2 [13]
and processed with a GEANT3 [14]-based full simulation of the Belle detector.
This measurement considers the inclusive processes e+e− → Λ + X as well as e+e− →
Λ + h± + X , where h denotes a light hadron detected in the hemisphere opposite the Λ;
the hemispheres are determined using the thrust axis in the event. The primary reason to
detect another hadron in the opposite hemisphere is to provide additional information on
the flavor of the parent qq¯ pair. For instance, in the process e+e− → Λ + π− +X , one can
assume the leading contribution comes from u quark fragmenting into Λ and u¯ fragmenting
6
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FIG. 1: The distribution of invariant mass Mpπ− . The background fraction is pretty small. We
use the sidebands to correct for the background under the signal peak, as explained in the text.
into π− [9]. In this analysis, we consider charged pions and kaons (π±, K±) in the opposite
hemisphere.
Using the event-shape-sensitive thrust T , a sample of light and charm quark (u, d, s, c)
fragmentation is selected [15, 16]. The thrust is defined in the center-of-mass of e+e− system
as
T = max
|~T |=1
∑
i |~T · ~pi|∑
i |~pi|
. (1)
Here, the ~pi are the momenta of all particles in the event and ~T is the normalized thrust
direction. We require of T > 0.8, which reduces the contribution of Υ decays to less than
1%.
In each event, we reconstruct Λ (Λ¯) candidates in the channel Λ→ p+π− (Λ¯→ p¯+π+).
The Λ candidate is required to have a displaced vertex, consistent with a long-lived particle
originating from the IP. The daughter proton and pion are constrained to a decay vertex and
the four-momenta are refitted with the vertex constraint. To further suppress backgrounds,
we require the likelihood (L) calculated using the Belle PID detectors for one of the daughter
particle to be a proton (p) to be L(p) >0.6, where the efficiency of this selection is about
90%. No such requirement is imposed on the pion candidate. The distribution of invariant
massMpπ− is shown in Fig. 1, where the signal peak is quite clear and the sidebands are used
to correct for the remaining background under the signal peak. All other charged tracks in
the event, with the exception of the Λ daughter particles, are required to have an impact
parameter with respect to the interaction point of less than 2.0 cm in the r − φ plane and
4.0 cm along the z axis. A likelihood ratio L(K)/L(π) is required to select the light hadrons
in the opposite hemisphere. It must be larger than 0.6 to identify K±, where the efficiency
of kaon exceeds 80% and pion fake rate is below 10%. The likelihood ratio must be less than
0.4 to identify π±; the pion efficiency is about 90% and the kaon fake rate is below 10%.
To determine the transverse momentum of the hyperon and the event plane with respect
to which the transverse momentum of the hadron is measured, one more direction is needed.
In the elementary scattering, the second axis is given by the parent qq¯ axis, which is not
observed. Here, we use two alternative frames. One uses the thrust axis as a proxy for the
qq¯ axis and the other uses the axis of the detected hadron in the opposite hemisphere. We
will refer to these as the “thrust frame” and the “hadron frame”, respectively. In the thrust
frame alone, an inclusive Λ measurement is possible; in the hadron frame, all combinations
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of a Λ(Λ¯) and a light hadron are considered. In the thrust frame, the thrust axis direction
is chosen so that it points into the same hemisphere as the Λ and; in the hadron frame, the
hadron’s momentum is reversed to also point into this hemisphere. We call the defining axis
(~T or -pˆh) as ~m, then define the direction nˆ ∝ ~m × pˆΛ, the transverse polarization of Λ is
investigated along nˆ. Given a polarization P of the Λ, the decay distribution is
1
N
dN
dcosθ
= 1 + αP cosθ, (2)
where N is the signal yield, θ is the angle between nˆ and the proton momentum in the Λ
rest frame, and α is the decay parameter of the decay process Λ → p + π− (Λ¯ → p¯ + π+).
The world average of α is 0.642 ± 0.013 for Λ and −0.71 ± 0.08 for Λ¯ [17].
The signal region for the reconstructed Λ mass is chosen as [1.11, 1.12]GeV/c2 and the
lower and upper sidebands as [1.103, 1.108]GeV/c2 and [1.123, 1.128]GeV/c2, respectively.
The cos θ distribution in the sideband region is subtracted from that in the signal region.
Since the background shape is basically flat and we choose a common width for signal
and sideband regions, the sideband scale factor in this subtraction is 1. The subtracted
distribution is self-normalized: R(θ) = N(θ)/〈N〉, where 〈N〉 denotes the averaged number
of events in each bin. The resulting yield is corrected with the efficiencies obtained from
the simulation. To avoid the efficiency corrections, we also construct the ratio between
the cosθ distributions of Λ and Λ¯. In this ratio, the efficiencies cancel if one assumes that
they do not depend on the charge of the detected particle. The sideband-subtracted and
efficiency-corrected cosθ distribution is fitted using the function 1+p0cosθ, where p0 is a free
parameter. The goodness of fit indicates that the data is described well by this functional
form, as shown in Fig. 2. The magnitude of the polarization is then P = p0/α.
The transverse polarization of the Λ is investigated as a function of zΛ and pt, where zΛ =
2EΛ/
√
s and pt is the transverse momentum of the Λ with respect to the thrust axis (hadron
momentum) in the thrust frame (hadron frame). Four zΛ bins with boundaries at zΛ =
[0.2, 0.3, 0.4, 0.5, 0.9] and five pt bins with boundaries at pt = [0.0, 0.3, 0.5, 0.8, 1.0, 1.6]GeV
are adopted in the thrust frame. Results are summarized in Fig. 3 with error bars showing the
statistical uncertainties; the shaded areas showing the systematic uncertainties are discussed
later. A clear nonzero transverse polarization is observed. In general, this polarization rises
with zΛ. The pt behavior is more complex and depends on the zΛ range. For zΛ > 0.5
where the Λ is the leading particle and for zΛ <0.3, we observe rising asymmetries with pt.
In contrast, for intermediate zΛ, the dependence reverses with a possible minimum around
1 GeV. The observed amplitudes are consistent between Λ and Λ¯.
When considering a light hadron in the opposite side, four zh bins with boundaries at
zh = [0.2, 0.3, 0.4, 0.5, 0.9] are adopted; here, the zh is the fractional energy carried by
the light hadron. Transverse polarization amplitudes of Λ as a function of zΛ and zh are
shown in Fig. 4 for the thrust frame and in Fig. 5 for the hadron frame. We observe
similar polarizations in frames. The flavor contribution can be revealed through different
combinations of Λ and light hadron types and charges. In particular, in the low zΛ region,
the polarization in Λ + h+ and Λ + h− processes is significantly different, even showing
opposite sign and a magnitude that increases with higher zh. In contrast, in the high zΛ
region, the differences between Λ+ h+ and Λ+ h− are modest, although deviations can still
be seen.
We make a simple attempt to explain the data results together with knowledge from
MC. In MC, we search for the (anti-)quark going into the same hemisphere as the Λ. The
fractions of various quark flavors in the low-zΛ ([0.2, 0.3]) and high-zΛ ([0.5,0.9]) region for
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FIG. 2: The fits to the efficiency-corrected cosθ distributions in two bins: zΛ=[0.5, 0.9]; pt=[0.5,
0.8] GeV (left) and zΛ=[0.5, 0.9]; pt=[0.8, 1.0] GeV (right).
the Λ+π±+X processes are shown in Fig. 6. We see that the flavor tag of the light hadron
is more effective at low zΛ and high zh. In this region, for Λ + π
+ + X , the u¯ → Λ(uds)
process dominates because the u is more likely to be carried away by π+(ud¯). For Λ+π−+X ,
u→ Λ(uds); u¯→ π−(u¯d) dominates. This might explain why the polarizations of Λ+h++X
and Λ+h−+X have opposite sign at low zΛ and high zh. It should be noted that (anti-)charm
fragmentation contributes also, particularly at low zΛ in the Λ + π
± +X sample. When zΛ
is sufficiently high, especially for low zh, the flavor-tag effect is reduced. In Λ+ π
++X , the
u¯ → Λ contribution decreases significantly and the contribution from s quarks increases in
both π+ and π− cases when compared to the low-zΛ region. Therefore, the differences in
polarization between the Λ + h+ +X and Λ + h− +X samples are smaller.
The above results show the transverse polarization for inclusive Λ, including directly- and
indirectly-produced Λ. In fact, in addition to the directly-produced Λ, this sample contains
sizable contributions from feed-down, where the observed Λ originates from the electroweak
decay of a heavier resonance. (Note that we consider strong decays, such as the Σ∗, to be
part of the directly-produced Λ sample.) The dominant contributions come from Σ0 and
Λc, where we estimate the contributions to our sample to be on average 23% and 20%,
respectively. Since there is no clear a priori knowledge of the polarization of the produced
Σ0 and Λc or the daughter Λ, our approach is to use Σ
0- and Λc-enhanced samples to unfold
the polarization of the direct contribution from the feed-down contributions. The measured
polarization is
Pmea = (1−
∑
i
Fi)P
true +
∑
i
FiPi, (3)
where P true is the polarization of directly-produced Λ, Fi is the fraction of the i
th source
of Λ and Pi is the polarization of Λ associated with the i
th process. To construct a Σ0
enhanced sample, we use the observed Λ to reconstruct a Σ0 in the channel Σ0 → Λ + γ,
which practically saturates the branching ratio (B) of the Σ0 [17]. The situation for the Λc
is more complicated, since there are several channels of comparable magnitude that decay
with a Λ in the final state. Most are three- or more- body decays, which we cannot hope to
use for unfolding with a reasonable efficiency. Here, we use the channel Λc → Λ + π+ with
B = 1.07 ± 0.28% [17]. Note that, therefore, the assumption in the following is that the Λ
polarization depends only weakly on the decay of the Λc. The Σ
0- and Λc-enhanced data sets
are analyzed using the procedure described above and, together with the original Λ sample,
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FIG. 3: Transverse polarization amplitudes of inclusive Λ as a function of zΛ and pt in the thrust
frame. The error bars show statistical uncertainties and the shaded areas show the systematic
uncertainties. The first and second panels show results for Λ and Λ¯, respectively, using efficiency
from MC as efficiency shape. The bottom panel shows the results from the Λ-Λ¯ ratios, where the
efficiency uncertainties cancel.
used to do the unfolding based on Eq. 3. The Fi are obtained from MC. Unfortunately,
due to the limited statistics, the unfolding is only done for five zΛ bins with boundaries at
zΛ=[0.2, 0.3, 0.4, 0.5, 0.7, 0.9] in the thrust frame and we cannot consider the transverse
momentum dependence or any light hadron in the other hemisphere. The results are shown
in Fig. 7. The transverse polarization of Λ from Σ0 decays is found to have the opposite sign
to direct quark fragmentation. The magnitude of the amplitude is about half. This might
be explained by the orbital angular momentum carried by the γ. While the Λc-enhanced
sample enters in the unfolding with respect to the Λ and Σ0, the statistical uncertainties are
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FIG. 4: Transverse polarizations of Λ observed in Λ + h± + X as a function of zΛ and zh in
the thrust frame. The error bars show statistical uncertainties and the shaded areas show the
systematic uncertainties.
too large to draw any conclusions about the magnitude of the Λc feed-down itself. However,
within the large uncertainties, it is consistent with zero.
Systematic uncertainties are estimated through various dedicated studies. To estimate
the smearing or bias effects due to detector acceptance and resolution, we use a re-weighted
sample to generate nonzero transverse polarization of Λ in a simulation sample. The input
polarization is modeled as a function of z and pt to be near the observed asymmetries and
varied to envelop the observed asymmetries. As expected, we find a significant smearing
effect in the thrust frame due to the uncertainty of the real thrust axis. The correction
factors for the magnitude of the measured transverse polarization vary from 1.0 to 1.3,
depending on zΛ. The uncertainties of the scale factors, which arise from the statistical
limitation of the MC sample, are assigned as systematic errors. The correction factors in
the hadron frame are consistent with 1.0, which is expected, since the direction of charged
tracks is reconstructed very well.
We vary the shape used to describe the background contributions under the Λ mass peak
by changing the functional form fitted to the sidebands. Thus, the scale factor of sidebands is
varied when the sideband subtraction is applied to cosθ distribution. The resulting difference
is assigned as a systematic uncertainty.
While likelihoods of the fits in Eq. 2, as estimated from the fit χ2 values, are consistent
with the fitted model, we estimate the systematics from possible non-linear cosθ contribu-
tions. For this purpose we added a second-order term of the form 1 + p0cosθ + p1cos
2θ,
where p0 and p1 are free parameters. The difference in the extracted polarizations from the
nominal values is assigned as a systematic error.
The uncertainties from the decay parameters α are assigned as systematic uncertainties
as well. Several other studies are performed to check for possible bias in our measurements.
Two important checks are explained as follows. First, the reference axis is replaced by
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FIG. 5: Transverse polarizations of Λ observed in Λ + h± + X as a function of zΛ and zh in
the hadron frame. The error bars show statistical uncertainties and the shaded areas show the
systematic uncertainties.
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FIG. 6: The fractions of various quarks which go to the Λ’s hemisphere in the inclusive process
Λ+pi++X (top) and Λ+pi−+X (bottom) in different zh region at zΛ=[0.2, 0.3] (left) and zΛ=[0.5,
0.9] (right).
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FIG. 7: The unfolded transverse polarizations of Λ (blue dots) and Λ from Σ0 → Λ+γ decays (red
triangles) and comparing to the original polarizations observed for inclusive Λ as a function of zΛ
in the thrust frame. The error bars show statistical uncertainties and the shaded areas show the
systematic uncertainties. For the unfolding, the decay mode Λc → Λ+ pi+ is also considered.
nˆ′ ∝ pˆΛ × nˆ, which is still normal to Λ direction but in the Λ production plane; zero
polarization is observed, as expected. Second, we use event mixing by reconstructing Λ
candidates using a proton and a pion from different events. The obtained polarizations are
again consistent with zero. All systematic uncertainties are added in quadrature, and are
shown using the shaded areas in Figs. 3, 4, 5 and 7.
In summary, we have studied the transverse polarization of Λ(Λ¯) in the inclusive process
e+e− → Λ(Λ¯) + X and e+e− → Λ(Λ¯) + π±(K±) + X with the data collected by Belle.
A clear nonzero transverse polarization is observed, which is the first such observation in
e+e− annihilation. Its magnitude as a function of zΛ and pt is presented. By selecting an
identified light hadron in the opposite hemisphere, we obtain some sensitivity to the flavor
dependence of the observed Λ polarization. Clear contributions from different combinations
of Λ(Λ¯) + h are seen. Furthermore, we attempt to separate the contributions for directly-
produced Λs and those from Σ0 and Λc decays. The results presented in this report provide
rich information about the transverse polarization of Λ and will be very useful to understand
the spin structure of hyperons.
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